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Abstract. The lubricant film of hydrostatic circular pad in the heavy-duty rotary table is affected 
by the roughness, thermal and hydrodynamic effect, which can cut down the load-carrying 
capacity and machining accuracy of the heavy-duty machine tool. In this paper, a coupled energy 
equation with mean Reynolds equation based on the Christensen’s stochastic model of rough 
surfaces is presented to analyze the temperature rising, pressure distribution and load-carrying 
capacity of the hydrostatic circular pad. The mean Reynolds equation, momentum equation, 
continuity equation, and energy equation are coupled and solved using the finite difference method 
to obtain the characteristics of lubricant film. It is found that the uneven pressure distribution and 
the temperature rising of lubricant film in resistive oil edge of hydrostatic circular pad are related 
to the increase of dimensionless hydrodynamic parameter S due to the thermal and hydrodynamic 
coupling effect. The load-carrying capacity and stability of heavy-duty rotary table is weakened 
due to the thermal and hydrodynamic effects. 
Keywords: hydrostatic circular pad, surface roughness, thermal and hydrodynamic effect, 
heavy-duty rotary table, machine tool. 
Nomenclature 
ܥ௥ Recess depth 
ܧ Expected value of operator 
ܪ Mean steady nominal film thickness 
ℎ௥ Film thickness of oil chamber 
ℎ௖ Film thickness of resistive oil edge 
ܭ Thermal conductivity of the lubricant film 
ܬ Mechanical equivalent of heat 
ܳ Lubricant flow rate 
ܴ Radius of outside rail of heavy rotary table 
ܴଵ, ܴଶ Inner and outer radius of the hydrostatic circular pad 
݌଴ Recess pressure 
ܵ Dimensionless hydrodynamic number 
௔ܶ The initial temperature of lubricant oil 
ܹ Load carrying capacity of hydrostatic circular pad 
ܿ Specific heat of lubricant 
݂(ߜ) Probability distribution density function of random variable 
ݎ, ߠ, ݖ Cylindrical polar coordinates of hydrostatic circular pad 
ݑ Fluid velocity in the direction of ݎ coordinate 
ݒ Fluid velocity in the direction of ߠ coordinate 
ݓ Fluid velocity in the direction of ݖ coordinate 
ߩ௔௩௚ Average density across the film 
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ߩ௔ Ambient density 
ߩ Density of the lubricant 
ߜ Random variable 
ߟ௔௩௚ Average viscosity across the film 
ߟ௔ Ambient viscosity 
ߟ Viscosity of the lubricant 
ߪଶ Variation of roughness 
Ω Rotation speed of rotary table 
ߚ Temperature coefficient in viscosity formula 
ߣ Temperature coefficient in density formula 
1. Introduction 
Due to the high load-carrying capacity, small viscous dissipation, high stiffness, low running 
friction, long service life, and good resistance to vibration, the heavy-duty hydrostatic rotary table 
has been widely used to carry and machine the large workpiece in the heavy-duty machine tool. 
Hydrostatic circular pads form a part of the heavy-duty hydrostatic rotary table with quantitative 
oil supply system to support the workpiece. The basic design of hydrostatic rotary table was 
conducted by Fuller [1], Rippel [2] and Rowe [3]. Numerous studies on hydrostatic rotary table 
or bearing can be found in literature, where the researchers have paid attention to the various 
aspects of the characteristics of hydrostatic rotary or bearing. Important aspects that determine the 
performance of a hydrostatic circular pad are the flow pattern, rough surface of resistive oil edge, 
heat generation as well as the hydrodynamic effect. 
The surfaces of resistive oil edge are all rough in engineering practice to reflect the processes 
that have been used in forming and finishing stages. Moreover, the height of the roughness is 
generally of the same order as the mean asperities in a lubricated contact. Under these situations, 
the influence of surface roughness on the characteristics of hydrostatic circular pads should be 
considered. Patir and Cheng [4, 5] developed an average flow model of a randomly generated 
rough surface with known statistical properties over the surface area. While using stochastic 
concept, a film averaging concept for striated roughness was introduced by Christensen [6, 7]. 
Elrod [8] and Tonder [9] also confirmed this approach. Surface roughness could affect the 
dynamic stiffness and damping characteristics of compensated hydrostatic thrust bearings. 
Beside the roughness of surface, the flow pattern of lubricant film can also be changed by the 
relative movement of surface. With the improvement of speed, the hydrodynamic effect or the 
centripetal inertia become more and more important for the hydrostatic support system, which 
should not be ignored. Osterle and Hughes [10] and Dowson [11] analyzed the inertia effects in 
hydrostatic thrust bearings using the assumptions of the classical lubrication theory where they 
assumed that the term associated with the centripetal inertia cannot be neglected. Thus, they have 
created a model that retains lumped centripetal inertia effects. Using these assumptions, Chow [12] 
modeled an annular recess hydrostatic thrust bearing and Dowson [13] considered inertia effects 
on in parallel circular bearings.  
The temperature rising of oil film is an important factor on affecting the carrying capacity of 
hydrostatic system for the heavy-duty rotary table. Bouyer [14] combined the Reynolds equation 
with energy equation to make a thermo-elastohydrodynamic analysis on a plain journal bearing 
with a single groove under steady load. And the bearing deformation was also taken into account. 
Several experimental tests were performed by Serrato [15] in NU205 roller bearings, lubricated 
with mineral oil of three different viscosity grades (ISO 10, 32 and 68). It proved the higher the 
oil viscosity, the higher the temperature of the oil film in the high frequency of work condition. 
The change of viscosity has a great influence on oil film thickness and mechanical vibration. Wang 
[16] numerically simulated the bearing lubricating film, and obtained the temperature distribution 
in the bearing with dynamic pressure oil film and analyzed the influence of the three dimensional 
temperature field on the practical lubrication performance of the bearing under a given load. The 
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temperature changes in the oil of a hydrostatic bearing would cause the changes of the viscosity 
and the density. 
However, the oil film of hydrostatic system is indeed affected by multi-factor coupling effect. 
Kapur and Kamlesh [17] discussed the effects of inertia and temperature on the performance of a 
hydrostatic thrust bearing. The expressions for pressure profile and load-carrying capacity were 
obtained under conditions of adiabatic flow. The numerical results for pressure distribution were 
obtained at different step positions and film thickness ratios for several values of thermal 
conductivity. Lin [18] analyzed the thermal and cavitation effect on the journal bearing system. A 
comparison with the published experimental results was presented and discussed, and theoretical 
predictions agreed well with the experimental results. Sinha and Getachew [19] analyses the 
thermal and roughness effects on different characteristics of finite rough tilted pad slider bearings. 
Two models of one-dimensional roughness, longitudinal and transverse are considered, the 
modified Reynolds equation, momentum equation, continuity equation and energy equation are 
coupled and solved using the finite difference method to yield various bearing characteristics. 
In this paper, the roughness, hydrodynamic and thermal coupled effect on the pressure 
distribution and load-carrying capacity of circular oil pad is analyzed based on the Christensen’s 
stochastic model of rough surfaces. The viscosity and density of lubricant film is assumed to 
depend on the temperature for presented coupling model. The mean Reynolds equation, 
momentum equation, continuity equation, and energy equation are coupled and solved using a 
finite difference method to obtain the characteristics of lubricant film. The hydrodynamic and 
thermal effect rule of circular oil pad for the hydrostatic rotary table can be obtained, which will 
provide theoretical foundation for optimization of heavy-duty hydrostatic rotary table. 
2. Background 
The support system of heavy-duty rotary table is composed of hydrostatic circular pads, 
preload thrust bearing, and radial bearing, as shown in Fig. 1. The heavy-duty rotary table can 
bear the axial load by the coordinated application of hydrostatic circular pads and preload bearing, 
which can make the rotary table keeping a high stiffness in light load. The main role of radial 
bearing is to overcome the influence of the centrifugal force due to the existence of the offset load. 
The constant flow supply system is used to provide the lubricant oil for all of those hydrostatic 
pads and bearings in the heavy-duty rotary table. The diameter of heavy-duty rotary table is 10 m. 
The 24 hydrostatic circular pads are evenly distributed in the two circle rails, in which the diameter 
of inner circle rail is 3.4 m with 8 hydrostatic circular pads and that of outside rail is 6.8 m with 
16 hydrostatic circular pads. The rated load-carrying capacity of hydrostatic rotary table is 400 T. 
The maximum diameter of machined work piece is 9.5 m. The maximum rotate speed of heavy-
duty rotary table is 30 rpm. 
The hydrostatic circular pad is one of the most important parts, whose characteristic can 
determinate the load-carrying capacity and machine accuracy of heavy-duty rotary table. 
Especially for the hydrostatic circular pads in outer circular rail, the thermal and hydrodynamic 
effect is more obvious comparing with those in inner circular rail. Therefore, the hydrostatic 
circular pads of outer circular rail are chosen as the study object in this paper. However, the same 
analysis method is suitable for hydrostatic circular pads in the inner circular rail. The only 
difference is the boundary condition of hydrostatic circular pads.  
Fig. 1 shows a hydrostatic circular pad in outside circular rail. The lubricant oil enter the oil 
chamber by the inlet hole with a constant lubricant flow rate ܳ, then the hydrostatic effect is 
formed to support the heavy-duty rotary table. The film thickness of recess is ℎ௥. The depth of the 
recess is ܥ௥, ℎ௖ depicts the film thickness of resistive oil edge. The inner radius and outer radius 
of the hydrostatic circular pad is ܴଵ and ܴଶ, respectively. The abrupt change of lubricant film 
thickness around ܴଵ can be considered as the “Rayleigh steps” (Ting, 1971). The lubricant leaks 
away through the clearances on the land areas. The pressure around ܴଶ is atmospheric pressure, 
which can be deemed as ܲ = 0 MPa. Due to the tangential effect of lubricant film during the 
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process of rotation for the heavy-duty rotary table, we can define the line speed of hydrostatic 
circular pad in tangential direction with ஺ܸ = ܴΩsin߮. Ω is the angular velocity of heavy-duty 
rotary table. ܴ depicts the radius of outer rail of heavy-duty rotary table. ߮ = 6 ߨ⁄  is the angle 
between angular velocity of rotary table and radial direction in center of hydrostatic circular pad. 
Comparing with inertial effect of traditional hydrostatic trust bearing [4], the rotating center of 
heavy-duty rotary table is offset the center of hydrostatic circular pad. The hydrodynamic effect 
of hydrostatic circular pad is difficult to be accurately described by adapting the above mentioned 
method. In addition, the friction will cause the temperature rising and viscosity decreasing of 
lubricant film during the process of rotation, which can affect the load-carrying capacity and 
machine accuracy of heavy-duty rotary table. 
 
Fig. 1. Schematic diagram of heavy hydrostatic rotary table and hydrostatic circular pad 
3. The mean Reynolds equation based on the Christensen’s stochastic model of rough 
surfaces 
The lubricant oil in the hydrostatic circular pad is assumed to be incompressible and viscous. 
Since the geometry of the hydrostatic pad is a circular shape, modeling of the fluid flow in the 
hydrostatic circular pad should be in cylindrical coordinates. Since the height of lubricant film ℎ௖ 
is extra-thin comparing with the radius ܴ  of rotary table, ℎ௖ ܴ⁄ < 10ିଷ , we assume that the 
lubricant film pressure is constant in the ݖ direction, which can be written as ߲݌ ߲ݖ⁄ = 0. In 
addition, the flow velocity ݓ in the ݖ direction is much less than flow velocities ݑ and ݒ in the ݎ 
and ߠ directions. Therefore, the velocity gradient of lubricant film can be ignored besides ߲ݑ/߲ݖ, 
߲ݒ/߲ݖ, and ߲ݓ/߲ݖ. Then the Navier-Stokes equation can be simplified as [18]: 
1
ݎ
߲(ݎݑ)
߲ݎ = 0, (1)
ݎߟ ߲
ଶݑ
߲ݖଶ = ݎ
߲݌
߲ݎ, (2)߲݌
߲ݖ = 0. (3)
Integrating Eq. (2) with respect to ݖ with the boundary conditions at the surfaces of the circular 
pad: ݖ(ݎ, 0) = ݑ(ݎ, 0) = 0, ݖ(ݎ, ܪ) = ℎ௥ , ݑ(ݎ, 0) = ஺ܸ = ܴΩsin߮ . The radial flow velocity ݑ 
can be obtained as: 
u(ݎ, ݖ) = − ݖ(ℎ் − ݖ)2ߟ
߲݌
߲ݎ +
ݖΩܴsin(߮)
ℎ் . (4)
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And the flow rate of hydrostatic circular pad can be calculated by integrating Eq. (4): 
ܳ = න න ݎݑ(ݎ, ݖ)݀ݖ݀߮
௛
଴
ଶగ
଴
= −
ߨℎଷ் ݎ ߲݌߲ݎ
6ߟ . (5)
Substituting Eq. (4) into Eq. (1) and integrating it with the boundary conditions:  
ݖ(ݎ, 0) = ݑ(ݎ, 0) = 0, ݖ(ݎ, ܪ) = ℎ௥ , ݑ(ݎ, 0) = ஺ܸ , then the Reynolds equation of hydrostatic 
circular pad is derived as: 
߲
߲ݎ ቆ
ݎℎଷ்
12ߟ
߲݌
߲ݎቇ =
ℎ்Ωܴsin(߮)
2 . (6)
The geometry of the local lubricant film ℎ௥ is made up two parts [15]: 
ℎ்(ݎ, ߠ, ߞ) = ℎ + ߜ(ݎ, ߠ, ߞ), (7)
where, ߜ = ߜଵ + ߜଶ  denotes the random part resulting from the surface roughness asperities 
measured from the nominal mean level, ߦ describes a random variable which characterizes the 
definite roughness arrangement, and ℎ represents the nominal smooth part of the film geometry. 
In order to set up a foundation for the application of stochastic theory, the assumptions presented 
by Christensen [6, 7] are introduced. We can obtain the equations considering the two type 
roughness model by calculating the expected values on both sides of the Eq. (6). The 
Reynolds-type equation with radial one-dimensional roughness is described by: 
1
ݎ
߲
߲ݎ ቆ
ݎܧ(ℎଷ் )
12ߟ
߲݌
߲ݎቇ =
ܧ(ℎ்)Ωܴsin(߮)
2 , (8)
and the Reynolds-type equation with circumferential one-dimensional roughness is defined as: 
1
ݎ
߲
߲ݎ ቆ
ݎ
12ߟܧ(ℎ்ିଷ)
߲݌
߲ݎቇ =
ܧ(ℎ்)Ωܴsin(φ)
2 , (9)
where, ݌̅ = ܧ(݌) represents the average static pressure oil film. ܧ(∗) is the expectancy operator 
defined by: 
ܧ(∗) = න (∗)݂(ߜ)݀ߜ
ାஶ
ିஶ
, (10)
and ݂(ߜ)  is the probability density distribution for the stochastic variables, which obey the 
Gaussian distribution. The polynomial form is chosen to simulate the Gaussian distribution as: 
݂(ߜ) = ൝
35
32݁଻ (݁
ଶ − ߜଶ)ଷ , − ݁ ≤ ߜ ≤ ݁,
0,    elsewhere,
(11)
where, ݁ is a random variable for half of oil film thickness, which can be defined as ݁ = ±3ߪ, ߪ 
describes the standard deviation. The following equations can be obtained: 
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ۖە
۔
ۖۓܧ(ℎ
 ் ) = ℎ,
ܧ(ℎଷ் ) = ℎଷ + 13 ℎߪ
ଶ,
1
ܧ(ℎ்ିଷ) = ℎ
ଷ − 23 ℎߪ
ଶ,
 (12)
where, ߪଶ is the variance of roughness distribution with ߪ ܪ⁄ ≪ 1. 
Assuming: 
ܧ = ቐ
ܧ(ℎଷ் ),     radial,
1
ܧ(ℎ்ିଷ) ,     circum ferential,
(13)
and: 
Γ = ܧ(ℎ்)Ωܴsin(߮)2 . (14)
Hence, the mean Reynolds equations and flow rate equation of hydrostatic circular pad can be 
rewritten, respectively, as: 
1
ݎ
߲
߲ݎ ቆ
ݎܧ
12ߟ
߲݌
߲ݎቇ = Γ, (15)
ܳ = −
ߨܧݎ ߲݌߲ݎ
6ߟ . 
(16)
In order to obtain the pressure distribution of hydrostatic circular pad, the boundary conditions 
of oil chamber and resistive oil edge can be reset. For the boundary conditions of oil chamber 
( 0 ≤ ݎ ≤ ܴଵ ), we assume ℎ = ℎ௥ , ݌ = ݌ଵ , ܧ = ܧଵ , ܶ = ଵܶ  and the boundary conditions of 
resistive oil edge (ܴଵ ≤ ݎ ≤ ܴଶ) are defined as ℎ = ℎ௖, ݌ = ݌ଶ, ܧ = ܧଶ, ܶ = ଶܶ. However, the 
mean Reynolds equations is derived based on the isoviscous hypothesis, which is contradicted 
with the viscosity changes of lubricant film due to the temperature rising during the running 
process of heavy rotary table. Therefore, we define the viscosity ߟ௔௩௚ as the average density across 
the lubricant film. Substituting the following boundary conditions into Eq. (15) and (16): 
ە
ۖ
۔
ۖ
ۓܳ = ܳଵ,ߟ = ߟ௔௩௚,
݌ଵ(0) = ݌଴ ,     
߲݌ଵ
߲ݎ | ௥ୀ଴, (0 ≤ ݎ ≤ ܴଵ),
݌ଶ(ܴଵ) = ݌ଵ(ܴଵ),    ݌ଶ(ܴଶ) = 0, (ܴଵ < ݎ ≤ ܴଶ).
 (17)
The pressure distribution of resistive oil edge for hydrostatic circular pad can be obtained as: 
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ە
ۖۖ
ۖۖ
۔
ۖۖ
ۖۖ
ۓ
݌଴ =
6ߟ௔௩௚ܳଵln ቀܴଵܴଶቁ
ߨܧଶ ,
݌ଵ(ݎ) =
12ߟ௔௩௚ݎ ଵܶ
ܧଵ + ݌଴,
݌ଶ(ݎ) =
12ߟ௔௩௚ݎ ଶܶ
ܧଶ − ൬
12ߟ௔௩௚ܴଵ ଵܶ
ܧଵ ln ൬
ݎ
ܴଶ൰
      + 12ߟ௔௩௚ ଶܶܧଶ ൬ܴଶ ln ൬
ݎ
ܴଵ൰ − ܴଵ ln ൬
ݎ
ܴଶ൰൰ + ݌଴ln ൬
ݎ
ܴଶ൰൱ /ln ൬
ܴଶ
ܴଵ൰ .
 (18)
By integrating the pressure distribution, we can obtain the load-carrying capacity of 
hydrostatic circular pad as: 
ܹ = න න ݎ݌ଶ(ݎ)
ோమ
ோభ
݀ݎ݀ߠ
ଶగ
଴
+ න න ݎ݌ଵ(ݎ)
ோభ
଴
݀ݎ݀ߠ
ଶగ
଴
. (19)
According to Roberto Bassani’s analysis, two assumption conditions are introduced in this 
paper. The simplified energy equation can be written as: 
ߩܬܿݑ ߲߲ܶݎ = ܬܭ
߲ଶܶ
߲ݖଶ + ߟ ቈ൬
߲ݑ
߲ݖ൰
ଶ
቉. (20)
Due to the viscosity and density of lubricant film is related to temperature ܶ, the viscosity-
temperature equation and density-temperature equation can be obtained as: 
ߟ = ߟ௔exp൫−ߣ(ܶ − ௔ܶ)൯, (21)
ߩ = ߩ௔൫1 − ߚ(ܶ − ௔ܶ)൯. (22)
4. Nondimensionalization and solution of equations 
4.1. The nondimensionalization of equations 
It is necessary to nondimensionalizate the Reynolds equation and energy equation, in which 
the dimensionless constants that govern the fluid flow and the temperature distribution become 
clear. Meanwhile, it offers better understanding in the underlying physics of the lubrication of the 
hydrostatic circular pad [19]. The following dimensionless variables are introduced for the 
dimensionless Reynolds equation and energy equation: 
ߟ∗ = ߟߟ௔ ,     ߟ௔௩௚
∗ = ߟ௔௩௚ߟ௔ , ߩ
∗ = ߩߩ௔ , ߩ௔௩௚
∗ = ߩ௔௩௚ߩ௔ , ℎ௖
∗ = ℎ௖ℎ଴ , ℎ௥
∗ = ℎ௥ℎ଴ , ߪ
∗ = ߪℎ଴, 
݌∗ = ݌݌଴ ,     ܶ
∗ = ܶ
௔ܶ
,     ߮∗ = ߮ߨ ,     ݎ
∗ = ݎܴଶ ,     ܴଵ
∗ = ܴଵܴଶ ,     ܧଵ
∗ = ܧଵℎ଴ଷ ,     ܧଶ
∗ = ܧଶℎ଴ଷ, 
ଵܶ∗ = ଵܶℎ଴ ,     ଶܶ
∗ = ଶܶℎ଴ , ܹ
∗ = ݓ݂ߨܴଶଶ݌଴ , ݑ௥
∗ = ݑ௥
ߟ௔ܴଶ
ℎ଴ଶ݌଴ ܵ =
ߩ௔ܴଶߗଶ
݌଴ ,
where, ܵ is a dimensionless hydrodynamic parameter. Substituting the dimensionless parameters 
into Eqs. (18-22), the non-dimensionalization of equations can be obtained. The dimensionless 
pressure distribution equation of lubricant film can be written as: 
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ە
ۖ
ۖ
ۖ
۔
ۖ
ۖ
ۖ
ۓ݌଴ =
ߟ௔
ℎ଴ଷ
6ߟ௔௩௚∗ ܳଵln(ܴଵ∗)
ߨܧଶ∗ ,
݌ଵ(ݎ)
∗ = ߟ௔ܴଶℎ଴ଶ݌଴
12ߟ௔௩௚∗ ݎ∗ ଵܶ∗
ܧଵ∗ + 1,
݌ଶ(ݎ)
∗ = ߟ௔ܴଶℎ଴ଶ݌଴
12ߟ௔௩௚∗ ݎ∗ ଶܶ∗
ܧଶ∗ − ቆ
ߟ௔ܴଶ
ℎ଴ଶ݌଴ ቆ
12ߟ௔௩௚∗ ܴଵ∗ ଵܶ∗
ܧଵ∗ ln(ݎ
∗)
      + 12ߟ௔௩௚
∗ ଶܶ∗
ܧଶ∗ ቆln ቆ
ݎ∗
ܴଵ∗ቇ − ܴଵ
∗ ln(ݎ∗)ቇ൱ + ln(ݎ∗)ቇ /ln ቆ 1ܴଵ∗ቇ .
 (23)
The dimensionless load-carrying capacity equation is: 
ܹ∗ = න න ݎ∗݌ଶ(ݎ)
∗
ଵ
ோభ∗
݀ݎ∗݀߮∗
ଶ
଴
+ න න ݎ∗݌ଵ(ݎ)
∗
ோభ∗
଴
݀ݎ∗݀߮∗
ଶ
଴
. (24)
The dimensionless energy equation, viscosity-temperature equation and density-temperature 
equation can be indicated respectively as: 
ߩ∗ܬܿݑ௥∗
߲ܶ∗
߲ݎ∗ =
ߟ௔ܴ మଶ
ߩ௔ℎ଴ସ݌଴ ܬܭ
߲ଶܶ
߲ݖଶ +
݌଴
ߩ௔ ଴ܶ ߟ ቈ൬
߲ݑ௥
߲ݖ ൰
ଶ
቉, (25)
ߟ∗ = ݁ିఉ బ்(்∗ିଵ), (26)
ߩ∗ = ൫1 − ߣ ଴ܶ(ܶ∗ − 1)൯. (27)
4.2. Treatment of the solution 
In order to solve the pressure distribution of hydrostatic circular pad, the finite difference 
method is introduced to discretize and solve Reynolds equations with radial and circumferential 
roughness. Two cases are considered: 
Case 1: ܵ = 0, solving the Reynolds Eq. (23) to obtain the hydrostatic value, which satisfies 
the general solution of the homogeneous mean Reynolds equations. The pressure of recess is 
assumed to be the same one with that of inlet, which means the dimensionless variable ܲ∗ = 1. 
For this case, the pressure distribution of recess is unnecessary to be considered and we only solve 
the pressure distribution of resistive oil edge. As the resistance of recess is much less than that of 
resistive oil edge, we can assume that the pressure gradient is zero in the radial direction. 
Case 2: ܵ = ܥ, ܥ > 0, solving the Reynolds Eq. (23) to obtain the hydrodynamic value, which 
satisfies the special solution of non-homogeneous mean Reynolds equations. Considering the 
hydrodynamic pressure of lubricant film is caused by the hydrodynamic effect, we may assume 
the pressure of recess and resistive oil edge are all zero. For this case, we can compute the pressure 
of recess and resistive oil edge. Due to the mean Reynolds equations are linear partial differential 
equations, the hydrodynamic value can be linearly added with that of hydrostatic effect for the 
circular pad. 
The boundary conditions are critical for the mathematical model to reflect the operation states 
of hydrostatic circular pad. Since the steady state operating conditions is only considered for the 
circular pad, the cavitation effect is ignored in this study. Therefore, the velocity and pressure 
boundary conditions are introduced to solve the Reynolds equations. To ensure the convergence 
and consistency, the convergence factor is set as ߦ = 10-5. 
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5. Results and discussion 
The study is mainly concerned with the combined roughness, hydrodynamic and thermal effect 
on the steady-state performance of hydrostatic circular pad for the heavy-duty rotary table. The 
parameters of hydrostatic circular pads are shown in Table 1. 
Table 1. The parameters of hydrostatic circular pads 
Parameter name Parameter values Parameter name Parameter values 
Ambient density (ߩ௔) 900 kg/m3 Temperature coefficient in viscosity formula (ߚ) 0.035/K 
Initial temperature of lubricant oil ( ௔ܶ) 310K Inner rail radius (ܴଵ) 160 mm 
Mean steady nominal film thickness (ܪ) 0.1 mm Outer rail radius (ܴଶ) 175 mm 
Specific heat of lubricant film (ܿ) 1926 J/(kg·K) Film thickness of resistive oil edge (ℎ௖) 0.1 mm 
Ambient viscosity (ߟ௔) 0.1 Pa·s Film thickness of  oil chamber (ℎ௥) 3 mm 
Mechanical equivalent of heat (ܬ) 0.132 Thermal conductivity of the lubricant film (K) 0.145 w/(m·k) 
Temperature coefficient  
in density formula (ߣ) 0.00064737   
In order to reflect the hydrodynamic and thermal effect on the hydrostatic circular pad, three 
cases are considered as follows:  
Case I: Only hydrodynamic effect (dimensionless parameter ܵ = 0.3); 
Case II: Only thermal effect; 
Case III: The combined hydrodynamic and thermal effect. 
Fig. 2 shows the pressure distributions for the three cases considering the radial roughness. 
The values of the pressure at the radius direction are in the following order: Case III pressure < 
Case II pressure < Case I pressure. For Case I, the hydrodynamic effect causes the uneven pressure 
distribution, in which the pressure in the velocity direction is more than that of the opposite 
direction. Correspondingly, for Case II, the thermal effect causes the pressure lower than initial 
state. Case III is affected by both the hydrodynamic and thermal effect. Since the load-carrying 
capacity is determined by the pressure distribution of the circular pad, the load-carrying capacity 
is in the following order: Case III < Case II < Case I, in which the thermal effect causes the load-
carrying capacity lower 13.3 % for the hydrodynamic parameter ܵ = 0.3. 
For the load-carrying capacity of circular pad, the hydrodynamic effect caused by velocity is 
less than the thermal effect because the viscosity and density of the lubricant film is dependent on 
the temperature during the operating process. In Fig. 3, it is observed that the dimensionless 
load-carrying capacity gradually decreases with the increase of dimensionless radial roughness 
parameter ߪ∗. It is divided two parts in ߪ∗ = 0.3: the flat zone and linear gradient zone. The 
load-carrying capacity decreases slowly with the increase of dimensionless roughness in the flat 
zone. However, it sharply falls in the linear gradient zone, which indicates that the load-carrying 
capacity is greatly affected by the dimensionless radial roughness ߪ∗ > 0.3. 
The large dimension of heavy-duty hydrostatic rotary table causes the linear velocity of guide 
rail relatively higher, which can affect seriously the flow state of lubricant film of the circular pad 
when the table rotates at a higher speed. Therefore, the hydrodynamic effect should not be ignored 
for the analysis of stability of lubricant film. Fig. 4 shows the dimensionless pressure changes with 
respect to the dimensionless hydrodynamic parameter ܵ. In this model, the radial roughness is 
considered and energy equation is neglected. The uneven pressure distribution is strengthened 
with the increase of hydrodynamic parameter ܵ. The dimensionless hydrodynamic parameter ܵ 
can only alter the pressure distribution rather than the load-carrying capacity of circular pad. 
However, the load-carry capacity of circular pad can be affected by the roughness of surface, 
hydrodynamic, and thermal effect of circular pad. 
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Fig. 2. The pressure distribution  
for three cases at ߪ∗ = 0 
 
Fig. 3. The relationship of load-carrying capacity  
and dimensionless radial roughness ߪ∗ 
Therefore, the surface roughness and energy equations should be taken into account in 
analyzing the variation of load-carrying capacity in radial and circumferential roughness model, 
as shown in Fig. 5. It can be observed that the load-carrying capacity decreases as the increase of 
dimensionless hydrodynamic parameter ܵ . The load-carry capacity considering the radial 
roughness (ߪ∗ = 0.3) is cut down 3.5 % than that with roughness ߪ∗ = 0. In contrast to the 
conclusion of radial roughness, the load-carrying capacity considering the circumferential 
roughness (ߪ∗ = 0.3) is increased 5.9 % compared to those of without roughness. Therefore, we 
can conclude that the circumferential roughness is helpful to improve the load-carrying capacity, 
nevertheless the radial roughness can decrease the load-carrying capacity. These results are 
coincident with conclusions in [18]. 
Fig. 4. The variation of the dimensionless  
pressure under different dimensionless  
hydrodynamic parameter ܵ 
 
Fig. 5. The effect of surface roughness  
on the load-carrying capacity 
 
Actually, the support performance of the circular pad is affected by the combined thermal and 
hydrodynamic characteristics. Figs. 6 and 7 show the variation of pressure distribution for the 
radial and circumferential roughness model with energy equation, respectively. With the increase 
of dimensionless hydrodynamic parameter ܵ, the hydrodynamic and thermal effects increase. The 
pressure of recess is decreased and the curve of pressure is more declining. For the radial 
roughness and energy model, compared to the hydrodynamic parameter ܵ = 0, the pressure in the 
center of pad is reduced 4.3 %, 13.3 % and 22.4 % when ܵ = 0.3, ܵ = 0.6 and ܵ = 0.9, 
respectively. At the same conditions, it is reduced 4.1 %, 12.9 and 21.9 % for the circumferential 
roughness and thermal effect, respectively.  
Figs. 8 and 9 depict the mean temperature distribution for the radial and circumferential 
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roughness, respectively. The resistive oil edge of circular pad is expanded from 0 to 2ߨ. The 
temperature rises rapidly with the increasing of ܵ , in which the temperature for the radial 
roughness model is slightly less than that of the circumferential roughness model. However, the 
variation law for both models is similar, in which the maximum temperature rising happens at 
ߨ 2⁄  and 3ߨ 2⁄ . 
Fig. 6. The pressure distribution for radial  
roughness and energy equation 
 
Fig. 7. The pressure distribution for circumferential 
roughness and energy equation 
 
 
Fig. 8. The temperature distribution for radial 
roughness and energy equation 
 
Fig. 9. The temperature distribution for 
circumferential roughness and energy equation 
It is difficult to descript the distribution of temperature rising for the restive oil edge in Figs. 8 
and 9. Therefore, the temperature field is introduced for the radial and circumferential roughness 
model, as shown in Figs. 10, 11. The temperature is even distributed for the zero velocity, and 
slightly lower from outer edge to inner edge in the radial direction. When the rotary table rotates, 
the temperature of lubricant film in the resistive oil edge will increase with the increase of rotating 
speed and will be uneven distributed, in which the maximum temperature rising is in the direction 
of rotating speed (ܺ = 0, ܻ = 1). Compared to the dimensionless hydrodynamic parameter ܵ = 0, 
the temperature risings are 10.4 %, 32.9 %, 58.2 % at the ܵ = 0.3, 0.6, 0.9, respectively. The 
results show that the temperature of lubricant film will significantly increase with the increase of 
ܵ, which can rapidly reduce the viscosity of lubricant. It is the main reason of cutting down 
load-carrying capacity of circular pad. Correspondingly, the hydrodynamic effect does not affect 
the load-carrying capacity, but the pressure distribution. As a result, the stability of hydrostatic 
rotary table is decreased with the increasing of ܵ. 
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a) ܵ = 0  b) ܵ = 0.3 
 
c) ܵ = 0.6  d) ܵ = 0.9 
Fig. 10. Temperature field of restive oil edge for radial roughness model 
 
a) ܵ = 0  b) ܵ = 0.3 
 
c) ܵ = 0.6  d) ܵ = 0.9 
Fig. 11. Temperature field of restive oil edge for circumferential roughness model 
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Yida Wang had derived and simplified formulas in 3th, 4th parts, and also built the structure 
of the article. Yongsheng Zhao had a guiding about the coupled energy equation with mean 
Reynolds equation based on the Christensen’s stochastic model of rough surfaces. Ligang Cai 
provided the understand of data processing. Zhifeng Liu’s contribution is the simulation about 
pressure distribution. Qiang Cheng had the contribution on application of the finite difference 
method. 
6. Conclusion 
In this paper, the thermal, hydrodynamic effect and their coupling effects are analyzed based 
on a coupled energy equation with mean Reynolds equation for the hydrostatic circular pad of 
heavy-duty rotary table. Comparing with smooth surface model, the circumferential roughness 
can improve the load-carrying capacity, but the radial roughness can reduce the load-carrying 
capacity of heavy-duty rotary table. The uneven pressure distribution is strengthened with the 
increase of hydrodynamic parameter ܵ . The temperature of lubricant film will significantly 
increase with the increase of ܵ, which can cut down the load-carrying capacity of circular pad. As 
a result, the combine effect of roughness, thermal and hydrodynamic effect should be taken into 
account in analyzing the performance of the heavy-duty rotary table. 
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